sured in both surface and ground water (Kolpin et al., 1996(Kolpin et al., , 2000 Thurman et al., 1996) . sorption data indicate the potential for retention differences among atrazine and atrazine metabolites in VFS. However, atrazine and atrazine metabolites retention R unoff water can transport field-applied herbicides in VFS has not been evaluated. Therefore, a project and herbicide metabolites to surface water bodies was designed to compare TE, mass infiltrated (M inf ), and including rivers, lakes, and streams, resulting in deteriomass adsorbed (M as ) among atrazine and four atrazine ration of surface water quality. Extensive research has metabolites including DA, DIA, DEA, and HA applied been conducted regarding the occurrence and environsimultaneously to a buffalograss VFS. mental fate of herbicides in the hydrologic system. Few studies have considered herbicide metabolites. How-MATERIALS AND METHODS ever, both herbicides and their metabolites have been detected in surface and ground water (Senseman et al., Materials 1997; Lerch et al., 1998; Kolpin et al., 2000; Lambropou- 
retention mechanism.
6-hydroxy-N-ethyl-N-isopropyl-[1,3,5]triazine-2,4-diamine) in a buf-
There are conflicting reports concerning the contribufalograss VFS. Runoff was applied as a point source upslope of a tion of herbicide adsorption to VFS grass, grass thatch, 1-ϫ 3-m microwatershed plot at a rate of 750 L h Ϫ1 . The point source and/or soil surfaces to TE. Kloppel et al. (1997) reported was fortified at 0.1 g mL Ϫ1 atrazine, DA, DIA, DEA, and HA. After that sorption to VFS grass, grass thatch, and/or soil crossing the length of the plot, water samples were collected at 5-min intervals. Water samples were extracted by solid phase extraction surfaces did not significantly contribute to the retention and analyzed by high performance liquid chromatography (HPLC) of the highly soluble dichlorprop-p and the moderately photodiode array detection. During the 60-min simulation, TE was soluble terbuthylazine. Conversely, others have inferred significantly greater for atrazine (22.2%) compared with atrazine methat herbicide adsorption to grass thatch and soil sur-
tabolites (19.0%). Approximately 67 and 33% of the TE was attributed
faces is an important VFS retention mechanism (Briggs to M inf and M as , respectively. These results demonstrate that herbicide Misra et al., 1996; Seybold et al., 2001 ).
adsorption to the VFS grass, grass thatch, and/or soil surface is an
Adsorption differences between atrazine and atrazine important retention mechanism, especially under saturated condimetabolite have been reported for various soils. Gener- Seybold and Mersie, 1996) . Soil adsurface compared with atrazine's metabolites.
sorption data indicate the potential for retention differences among atrazine and atrazine metabolites in VFS. However, atrazine and atrazine metabolites retention R unoff water can transport field-applied herbicides in VFS has not been evaluated. Therefore, a project and herbicide metabolites to surface water bodies was designed to compare TE, mass infiltrated (M inf ), and including rivers, lakes, and streams, resulting in deteriomass adsorbed (M as ) among atrazine and four atrazine ration of surface water quality. Extensive research has metabolites including DA, DIA, DEA, and HA applied been conducted regarding the occurrence and environsimultaneously to a buffalograss VFS. mental fate of herbicides in the hydrologic system. Few studies have considered herbicide metabolites. How-MATERIALS AND METHODS ever, both herbicides and their metabolites have been detected in surface and ground water (Senseman et al., Materials 1997; Lerch et al., 1998; Kolpin et al., 2000; Lambropou- 
Quality Assurance Data
nurse tank and fortified at 0.1 g mL Ϫ1 atrazine, DA, DIA, Quality assurance data for each run-on simulation included DEA, and HA. Before adding the compounds to the nurse a lab-blank, lab-fortified, tank-blank, field-blank, and tanktank, atrazine, DA, DIA, and DEA were dissolved in 350 mL fortified sample. Contamination that might have occurred durof methanol (MeOH), and HA was dissolved in 150 mL of ing sample processing was assessed with the lab-blank (deionwater, MeOH, and formic acid (74.5:25:0.5 v/v). This step was ized water) data, and percentage recovery was calculated from required to ensure that all compounds were in the dissolved lab-fortified samples. Tank blanks consisted of samples colphase.
lected from the application nurse tank before fortification with Atrazine concentrations were based on prior runoff field the herbicide and metabolites to ensure that no carryover studies (Hoffman et al., 2002) . Similar data were not available for atrazine's metabolites. Researchers have reported that relfrom previous treatments was introduced into a new plot. ative TE depends on nominal inflow concentration (Misra et Field blanks consisted of samples collected from the catchment al., 1996; Kloppel et al., 1997). These data indicated that atradevice before fortification of the nurse tank to ensure that zine and atrazine metabolite nominal inflow concentrations the plot area was void of contamination with the herbicide must be equal to compare relative TE among compounds. and metabolites. After fortification of the nurse tank, tankTo ensure a conservative TE estimate (Barfield et al., 1998) , fortified samples were collected to ensure that the atrazine the VFS was saturated with sprinklers to the point that surface and atrazine metabolite concentrations were approximately runoff was generated. Before applying runoff from the nurse 0.1 g mL Ϫ1 . The method's limit of detection, limit of quantitatank, the plots were allowed to drain for 10 min. Runoff tion, and percentage recovery are reported in Table 2 . containing atrazine and all atrazine metabolites was applied as sheet flow to a given plot at a rate of 750 L h Ϫ1 (Wolfe et al., 2000) . The run-on simulation rate was based on the runoff
Mass Balance Determination
The VFS ability to retain atrazine and atrazine metabolites amount expected from a 51-mm rainfall intercepted by a 30-was evaluated by determining TE as described by Barfield et m-long field directly up-slope of the strip (Wolfe et al., 2000) .
al. (1998): Runoff was collected in the catchment device and transferred to a holding tank with a 1.7 ϫ 10 Ϫ3 Pa pressure transducer.
The runoff rate was determined by recording the water height with an electronic data logger at 3-s intervals. One litter of where M i represents the total herbicide mass flowing onto the runoff was collected from the outflow in 1-L glass amber jars VFS, and M o represents the total herbicide mass flowing off at 5-min intervals during the 60-min simulation and stored at the VFS. M i and M o were calculated from Eq.
[2] and [3], re-4ЊC until analysis. A total of 12 runoff samples were collected spectively: from each plot during the simulation.
Before extraction, an internal standard (metolachlor) was where q i and q o were runoff inflow and outflow rates, C i and added to 250-mL water samples. The samples were passed C o were runoff inflow and outflow herbicide concentrations, through a solid phase extraction ENVI-carb (Supelco, and t was the time required to perform the simulation. Bellefonte, PA) cartridge containing 0.25 g of graphitized car-A mass balance for the VFS system was constructed as bon black. The cartridge was cleaned, conditioned, and eluted described in Eq.
[4]: as described by Panshin et al. (2001) . The elution was dried under a stream of N and brought to 2 mL with acetonitrile.
where M inf represents the herbicide mass infiltrated during the
High Performance Liquid Chromatography Analysis
simulation, and M as represents the herbicide mass adsorbed Samples were analyzed on a Waters RP8 symmetry shield to the VFS grass, grass thatch, and/or soil surface. M inf was C8 column with a Waters HPLC instrument equipped with a calculated as described in Eq.
[5] assuming that the volume photodiode array detector (Waters Inc., Milford, MA) set at infiltrated (V inf ) was the difference between runoff inflow and the 225-nm wavelength. The injection volume was 20 L, and outflow volume: the flow rate was 0.3 mL min Ϫ1 . Two mobile phases were used in a gradient program (Table 1) . They consisted of acetoni- , 1977; Rhode et al., 1980; Barfield et al., 1998) , and simulated run-on experiments (Misra et al., 1996; Klop- where C iavg was the average inflow herbicide concentration pel et al., 1997; Mersie et al., 1999; Schmitt et al., 1999;  and C oavg was the average outflow herbicide concentration. Seybold et al., 2001) . In natural rainfall studies, atrazine (Patty et al., 1997) . In a simulated rainfall
The study design for both years was a randomized complete experiment, Barfield et al. (1998) was 29% (Misra et al., 1996) , 44% (Misra et al. 1996) , 52% (Mersie et al., 1999) , and 53% (Seybold et al.,
RESULTS AND DISCUSSION

2001).
The lower atrazine and atrazine metabolite TE in this Atrazine and atrazine metabolite TE was calculated study compared with published data is likely associated from Eq. [1] and represents the combined effects of M inf with differences in factors among studies that affect M inf , and M as on the total herbicide load retained by the VFS.
including VFS width and moisture content. In this study Trapping efficiency was greater for atrazine compared the VFS width was only 3 m. A wide variety of VFS with atrazine metabolites (Fig. 1) . A similar trend has widths have been evaluated in the literature with most been reported for metolachlor and two metolachlor mebeing Ͼ3 m. These various widths include the following: tabolites including metolachlor oxanilic acid and meto- (Misra et al., 1996) 13.7 m with a greater tendency for the parent compounds to (Barfield et al., 1998) , and 20.1 m (Arora et al., 1996) . be retained as M as (Krutz et al., 2002) .
In studies that have evaluated the effect of VFS width Atrazine and atrazine metabolite TE was consideron herbicide TE, all but one research group (Tingle et ably less than results reported from natural rainfall (Aral., 1998) reported that TE was positively correlated ora Lowrance et al., 1997; Patty et al., 1997; Vellidis et al., 2002) , simulated rainfall (Asmussen et with VFS width (Lowrance et al., 1997; Patty et al., 1997 ; Barfield et al., 1998; Schmitt et al., 1999 ; Vellidis et flicting reports in the literature regarding the contribution of M as to TE. al., 2002) . Moreover, data indicate that M inf is inversely correlated with VFS antecedent moisture content (AsIn this study, M as was significantly different between atrazine and atrazine metabolites (P ϭ 0.004) (Fig. 3) . mussen et al., 1977; Rhode et al., 1980; Arora et al., 1996) . In this study, the 3-m VFS was saturated before M as accounted for approximately 40 and 26% of the atrazine and atrazine metabolite TE, respectively. The application of the simulated runoff, thus lowering the potential for M inf . However, even under saturated condi-M as data indicate that concentration changes between VFS inflow and VFS outflow are associated with an tions, considerable atrazine and atrazine metabolites were retained as M inf . adsorption mechanism. Although herbicide adsorption to the VFS grass, grass thatch, and/or soil surface has The average M inf for atrazine and atrazine metabolites was 13.5 Ϯ 0.2% and accounted for approximately 64% been proposed by several authors (Asmussen et al., 1977; Misra et al., 1996; Lowrance et al., 1997 ; Briggs of the total TE for these compounds. Moreover, there was a significant linear relationship between TE and et al., 1999; Vellidis et al., 2002) , few have attempted to quantify the contribution of M as to herbicide TE. V inf indicating that infiltration is a key retention mechanism for atrazine and atrazine metabolites (Fig. 2) . OthAn exception is the work of Barfield et al. (1998) who reported that M as significantly contributed to herbicide ers have reported that infiltration is the primary atrazine retention mechanism by VFS (Arora et al., 1996; Misra TE. Moreover, they reported a direct correlation between M as and VFS width. They concluded that the et Kloppel et al., 1997; Barfield et al., 1998; Schmitt et al., 1999; Seybold et al., 2001) . opportunity for chemical adsorption by atrazine to the VFS grass, grass thatch, and/or soil surface increased as The most controversial aspect of herbicide retention by VFS is adsorption to grass thatch and soil surfaces.
VFS width increased. These data imply that the relatively low TE for atrazine and atrazine metabolites reSeveral researchers have reported reduced herbicide concentrations at the VFS outflow compared with VFS ported in this paper may be increased by implementing wider filter strips. inflow. This reduction in herbicide concentration has been attributed to both dilution (Kloppel et al., 1997;  The comparison of M as among atrazine and atrazine metabolites indicates that the buffalograss VFS prefer- Schmitt et al., 1999) and adsorption to the VFS grass, grass thatch, and/or the soil surface (Asmussen et al., entially retained atrazine over atrazine metabolites. Retention differences among compounds may be related 1977; Misra et al., 1996; Lowrance et al., 1997; Briggs et al., 1999; Vellidis et al., 2002) . Researchers agree that to hydrophobic interactions among the compounds and the VFS grass, grass thatch, and or soil surface. For dilution resulting from rainwater falling on the VFS surface and mixing with runoff contributes to herbicide example, retention of atrazine to the reverse-phase (octyl, C 8 ) HPLC column used for separation in this expericoncentration reductions between VFS inflow and VFS outflow (Kloppel et al., 1997). However, there are conment was greater than the retention of the atrazine 
